ABSTRACT Ethylene inhibits growth in the subhook region of intact etiolated pea seedlings (Pisum sativum, var. Alaska) by reducing the capacity of the polar auxin transport system supplying auxin to the tissue. Application of 0.1 mM2,4-dichlorophenoxyacetic acid reverses the growth inhibition caused by ethylene, and stimulates formation of sufficient gas to induce a swelling response in the absence of applied ethylene. Added ethylene causes a further swelling response but no change in growth rate when 0.1 mM 2,4-dichlorophenoxyacetic acid is present. If ethylene produced in response to 0.1 mM2,4-dichlorophenoxyacetic acid is removed by hypobaric conditions, tissue swelling is prevented but the growth rate is not altered. Reducing the pressure also does not affect the growth rate of control plants. A higher concentration of 2,4-dichlorophenoxyacetic acid (1 mM) acts in a similar manner except that it also depresses growth through direct herbicidal action, whereas 0.1 mM 2,4. dichlorophenoxyacetic acid stimulates growth. Applied and auxin-induced ethylene prolong the phase of cellular expansion in both etiolated and light-grown seedlings. As long as ethylene is present, growth continues, glucose is incorporated into the cell wall, and the wall weight increases in proportion to tissue fresh weight. When ethylene is removed, glucose incorporation into the cell wall decreases and growth ceases.
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Ethylene causes pronounced swelling of the growing subhook zone of intact etiolated pea seedlings as well as numerous other plant tissues (3, 7, 9, 10) . Auxins produce a similar response because they induce ethylene production (1, 7, 9, 13, 14, 22) . In the present study we have compared the actions of ethylene and various concentrations of 2, 4-D on the growth of the subhook zone of etiolated and green pea seedlings by determining growth rate, duration of the growth phase, frequency of cell division, extent of swelling, and incorporation of 14C-glucose into the cell wall. Based on these parameters a distinction is made between those actions of 2, 4-D which are direct and those mediated through auxin-induced ethylene production. The mechanism by which ethylene inhibits growth, prolongs the phase of cellular expansion, and induces cellular 'This work was supported by National Science Foundation Grant GB27424 to S. P. Burg. conditions without any added ethylene. The IAA growthresponse curve of the sections excised from ethylene-treated plants has a maximum at 10 /AM IAA with only slight inhibition at 100 tuM IAA for both elongation and rate of increase in fresh weight (Fig. 3) . The absolute growth rate of the sections in the presence of optimal IAA is closely similar to that of the same zone in the intact ethylene-treated plant (Figs. 1 and 2) . This zone in the intact seedling weighed about 50 mg/ section after 48 hr and 75 mg/section after 72 hr, increasing about 50% in fresh weight during the last 24-hr period. Its length changed from 7.5 mm at 48 hr to 10 mm at 72 hr or about 33%. By comparison, in the presence at 10 puM IAA the isolated segments increased 37% in fresh weight and 22% in length during an 18 hr period (Fig. 3) . Ethylene inhibits elongation of the subhook region ( Fig. 1 ) much more markedly than the rate of increase in fresh weight (Fig. 2) because the tissue expands radially. No cell divisions occur in the subhook region of ethylene-treated plants (2) during the 96-hr experimental period, and the number of cells in the cortex of a cross section of control or swollen ethylene-treated tissue was found to be the same, about 28 to 30 cells across the diameter. Therefore, the tissue must swell solely as a result of radial cellular expansion.
Effect of 2,4-D on the Growth of Etiolated Seedlings. To investigate the role of auxin-induced ethylene production in the swelling response of the intact subhook region of plants exposed to stantial reduction in growth due to direct herbicidal action (4). These concentrations of applied 2,4-D might be expected to cause similar effects in the intact seedling.
The subhook zone of plants sprayed with 0.1 mm 2,4-D increased in fresh weight at a slightly more rapid rate and for a longer period of time than the same zone in control plants (Fig. 2) . This increase in fresh weight was due entirely to cell expansion; essentially no cell divisions occur in the subhook zone of plants treated with 0.1 mm or 1 mm 2,4-D (2). Due to auxin-induced ethylene produced in response to 0.1 mM 2,4-D the tissue swelled extensively, i.e., elongation of the subhook region was markedly inhibited even though growth of the zone, measured as fresh weight, was stimulated. That a volatile is responsible for the 2,4-D-induced swelling can be demonstrated readily by growing the treated plants at 120 mm Hg pressure of water saturated, flowing 02. Under these conditions the Po, is closely similar to that in air, and growth of the subhook region of control plants is not in any way changed, whether measured as elongation or rate of increase in fresh weight (Figs. 4 and 5) . However, the inhibition of elongation caused by 2,4-D is eliminated, while the fresh weight of the marked zone grown under hypobaric conditions is slightly increased compared to 2,4-D-treated tissue grown in air. At 120 mm Hg pressure, the endogenous ethylene content should be reduced by about 83% (6) if the ethylene production rate is not changed. The response to ethylene is essentially a log-function of ethylene concentration throughout the effective range (7) so a 50-to 100-fold change in ethylene concentration is required in passing from a threshold to complete ethylene response. Consequently, removing 83% of the endogenous ethylene cannot completely eliminate all symptoms of ethylene action, and the tissue in the marked zone should develop slight swelling. In fact, the percentage change in weight/percentage change in length ratio, an index of swelling, is slightly greater in the 2,4-D-treated tissue grown at 120 mm Hg pressure than it is in control plants (Table I) (Fig. 6 ). Since only values for final fresh weight of the marked zone were determined, it is not possible to ascertain whether the initial growth rate was reduced and the duration of cellular expansion prolonged, as in dark-grown subhook tissue. However, in both cases the final fresh weight of the zone after 4 to 5 days is closely similar whether ethylene is present or absent (Fig. 6) . Ethylene causes the light-grown tissue to swell and, therefore, reduces its rate of elongation (Fig. 6 ), but the response is not as intense as that in etiolated tissue. Similarly, sections excised from the subhook region of etiolated seedlings swell more in response to ethylene than those cut from the subapical region of light-grown seedlings (7, 9). Elongation of the subapical marked region of light-grown tissue continues at a low but significant rate in the presence of ethylene for at least 5 days whereas untreated tissue completes its cell expansion phase (Fig. 6 ) within 3 days. Thus ethylene prolongs the duration of cellular expansion in light-grown pea seedlings just as it does in dark-grown plants. Although there are quantitative differences between the responses of light-and darkgrown tissue to applied ethylene, qualitatively both are affected by the gas in a closely similar manner.
Applied 0.1 mM 2,4-D stimulates growth in fresh weight even more in light-than dark-grown pea stem tissue (Figs.  2 and 6 ). In light-grown stems 2,4-D alone causes a partial swelling response, but in combination with applied ethylene even more intense swelling occurs, and tissue forms having the same percentage increase in weight to length ratio as that produced in response to ethylene alone. The behavior of lightgrown tissue treated with 0.1 mm 2, 4-D again is qualitatively similar to that of dark-grown tissue.
Effect of Ethylene on "C-Glucose Incorporation into the Cell Wall of Etiolated Tissue. Ethylene promotes the continued incorporation of "C-glucose into the cell wall. The subhook region of control plants progressively increases in its ability to take up "C-glucose, while the amount of label incorporated into cell wall residue decreases (Table II) . Initially 27% of the total "C taken into the tissue is incorporated into cell wall residue, whereas after 96 hr, when all growth has ceased, only 9% of the label enters the cell wall residue. When ethylene is applied for 48 hr the relative uptake of glucose increases less than that in control tissue, while the absolute amount of '4C incorporated into the cell wall residue is markedly enhanced. After 48 hr, control sections incorporate about 14% of the total "C taken up into cell wall residue, whereas tissue from ethylene-treated plants still incorporates 27%, like the initial control segments (Table II) (10, 26) , which is optimal for growth (7, 9) , so an 80% reduction in auxin content should markedly inhibit growth. That this is the cause of a major portion of ethylene-induced growth inhibition in the subhook region of etiolated intact pea seedlings is indicated by the fact that the inhibition is reversed completely by application of 0.1 mi 2,4-D (Figs. 1 and 2) (7, 9) . Under these conditions, the gas has little or no effect on polar auxin transport, and none on IAA decarboxylation, uptake and distribution along the length of the section (8) . Consequently, ethylene cannot alter auxin content of a pea tissue section, and as a result it does not inhibit its growth. Therefore, all data are compatible with the idea that ethylene inhibits growth of the subhook region of intact etiolated pea seedlings by inhibiting polar auxin transport and reducing the auxin supply to the tissue. Ethylene also inhibits polar auxin transport in other tissues (5, 12, 23, 24) , with certain notable exceptions such as the Avena coleoptile (8, 12, 24) ; and it reduces the diffusible auxin content and growth rate of many plants, including light-grown pea seedlings (20, 30) and Avena coleoptiles (17, 20) . This may not be the only way that the gas inhibits cell expansion, however, for it has this effect on many stem sections even when auxin is supplied exogenously and sometimes does so without causing cellular swelling (9) . The gas is a potent inhibitor of DNA synthesis in etiolated pea subhook and meristematic tissues (2) , and since DNA synthesis may be required for cellular expansion (25) , this might be an additional mechanism by which ethylene could inhibit the growth rate. It cannot be important in the isolated etiolated pea subhook, however, because there ethylene almost com- However, auxins are produced in meristematic cells and since the inhibition of DNA synthesis causes a cessation of mitotic activity in the plumule (2), it eventually might block auxin synthesis there and indirectly lower the growth rate in the subhook region by this mechanism, at least in some tissues. Ethylene and supraoptimal auxin both alter the optical birefrigence pattern of the cell wall of etiolated pea stem tissue (9, 10, 31, 32) and the orientation of newly formed wall microfibrils (3, 31, 32) shifting these from a predominantly transverse to a predominantly longitudinal direction. This accounts for the tendency of cells exposed to ethylene or supraoptimal auxin to expand radially rather than longitudinally. Such a change might also affect the growth rate of cells. Generally, however, ethylene inhibits growth of intact seedlings by preventing or slowing cell division (2) . When ethylene prolongs the growth phase and causes continued cellular swelling in the intact subhook region of pea seedlings it also delays cellular differentiation (4) and causes "C-glucose to continue to enter the cell wall. In control plants growth ceases within 48 hr, by which time glucose incorporation into the cell wall has declined to a low rate. When ethylene is removed from treated plants, growth ceases, glucose incorporation decreases, and cellular differentiation ensues (4) . In the continued presence of ethylene, cellulose continues to be synthesized from glucose at a rate sufficient to maintain the initial wall thickness, but the newly formed microfibrils are deposited longitudinally rather than radially and therefore favor isodiametric expansion (3) .
Sections excised from the marked region of etiolated pea seedlings which have been grown in ethylene for 48 hr still retain their capacity to expand in response to IAA. Even in the absence of applied ethylene, these sections possess an auxin growth-response curve indistinguishable from that of tissue sections cut from the subhook of control plants 48 hr earlier and grown in the presence of ethylene (7) (Fig. 3) . Thus, ethylene-treated seedlings responds normally to IAA except that they behave as though ethylene were present even though none has been added during the incubation. When 2,4-D is substituted for IAA, a new complication, herbicidal action, is introduced. This is not an important factor with 0.1 mM 2,4-D applied as a spray; to the contrary, it stimulates growth (Figs. 1 and 2 ), whereas 1 mm 2,4-D causes marked inhibition (Figs. 1 and 2) . The 2,4-D does not immediately stimulate ethylene production; rather the rate increases progressively to a maximum value during approximately 24 hr (15) . Consequently, especially with the lower 2, 4-D concentration, during the first 24 hr of treatment the response to auxininduced ethylene production is not complete, and as a result the marked zone increases in length more rapidly (swells less) than it does subsequently when ethylene production reaches a maximum value ( Figs. 1 and 2 ; Table I (19) . The growth promotion which ethylene induces in rice seedlings (16) seems to result from acceleration of the rate of growth, and also a remarkable prolongation of the duration of cellular expansion. A similar case was previously noted by Marinos (18) in his studies with A vena coleoptiles. Ethylene reduces the auxin content of the intact coleoptile by about 50% (12, 17, 20) and rapidly depresses its elongation to about the same extent (17, 20) , but sections cut from ethylene-treated coleoptiles grow for a longer time than those excised from control seedlings, and, therefore, ultimately exceed them in length (18, 20) . Ethylene enhances growth in certain tissue cultures (28) , and at least in carrot free-cell suspensions (29) delays cellular division and increases the final cell size. The gas also causes cells of fern gametophytes to reach a larger final size, although there are fewer total cells (21) . As many of the above mentioned phenomena are normal growth processes, the ability of ethylene to initiate expansion, prolong the duration of the cellular expansion period, and delay differentiation (2) may be an important control mechanism utilized at various phases in plant growth and development.
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